Insect wings appear to have evolved from gills used by aquatic forms for ventilation and swimming, yet the nature of intermediate stages remains a mystery. Here a form of nonflying aerodynamic locomotion used by aquatic insects is described, called surface skimming, in which thrust is provided by wing flapping while continuous contact with the water removes the need for total aerodynamic weight support. Stoneflies surface skim with wing areas and muscle power output severely reduced, which indicates that surface skimming could have been an effective form of locomotion for ancestral aquatic insects with small protowings and low muscle power output.
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Insects evolved the ability to fly approximately 330 to 400 million years ago, and they subsequently radiated and diversified to become the most speciose life form on the planet (1) . How flight evolved in insects has been a topic of frequent debate (2) (5) or were used for thermoregulation and only subsequently became adapted for flight (6) . Presently, the fossil, neurological, and developmental evidence (4, 7) favors the wings-from-gills model (2) (Table 2) .
In contrast to these results for morphological determinants of flight performance, our surface-skimming experiments showed that performance increased steadily with increasing wing area, up to the highest relative wing areas observed (Fig. 3) . Similarly, flight muscle ratios in excess of 30% of body mass continued to improve surface-skimming performance ( Fig. 3) , whereas T. burksi can achieve level flight with flight muscle ratios averaging 25% (Table 2) .
In summary, these results demonstrate that ancestral aquatic insects with small protowings, rudimentary thoracic muscles, and low muscle power output could have been effective surface skimmers, and that directional selection for faster surface skimming could have resulted in levels of elaboration of the flight motor that match or exceed requirements for powered flight.
An alternative interpretation is that surface skimming represents only an emergency response to occasional, accidental contact with water, made possible by the presence of motor patterns and anatomical features that evolved for aerial locomotion. However, the generally archaic morphology of stoneflies (Fig. 2 ), in combination with what appear to be specific and perhaps ancient adaptations for surface skimming, argues against this possibility. In T. burksi, the entire wing surface is covered with a dense mat of hairs that resist wetting (Fig. 5A) . Hairs of strikingly similar structure are present in the subimago stage of mayflies (Ephemeroptera) (Fig. 5B ) but are absent in the mayfly imago (Fig. 5C ). Mayfly subimagos emerge on the water surface from aquatic nymphs and must escape the surface tension for their initial brief flight away from the water. An adult molt (unique among insects) then occurs, after which imagos have little or no contact with water and thus have little need for wetresistant hairs. We hypothesize that the wing hairs of stoneflies and mayfly subimagos were inherited from a common surface-skimming ancestor, and that these hairs have been lost in more derived forms (including the mayfly imago stage and terrestrially emerging Odonates) as a result of selection for reduced aerodynamic drag or wing weight. The ven- tral tarsi (terminal leg segments) of T. burksi are also covered with a mat of specialized hairs that are the main point of contact with the water during surface skimming. Examination of Carboniferous fossil insects for hairs on the wings and tarsi might provide evidence that these forms used surface skimming before the evolution of flight. Whether T. burksi represents a marginal flier whose flight capacities have evolved progressively from nonflying progenitors or digressively from more strongly flying ancestors is uncertain. Descriptions of stonefly flight capacities are so sparse that it is not presently possible to map flight ability on a phylogeny of stoneflies and thereby infer likely evolutionary transitions. To the extent that we can presently determine, Taeniopterygidae and related families (superfamily Nemouroidea) (14) are all either flightless or marginally capable fliers. Nemouroidea are thought to have undergone an evolutionary reduction in wing venation and flight ability (15); however, this conclusion is based on the presence of powerful flight musculature (which we have shown here to be a likely product of selection for surface-skimming performance) and the presupposition that all extant stoneflies evolved from fully flight-capable ancestors. Phylogenetic analyses place the su- with relative wing lengths as low as Wing length/body length 0.33, surface skimming allows movement at around 1 body length per second, which may exceed what swimming aquatic nymphs can achieve against the current drag of moving water. Statistics for regression lines are given in (19) .
12. Newly emerged T burksi adults were collected along the shoreline of Bald Eagle Creek, Centre County, Pennsylvania, during February and March of 1994 and were stored in the lab at 5 C for up to 3 days before experiments. We measured surface-skimming velocity by dropping individual stoneflies onto water (1 -cm depth) in a 24-cm by 34-cm glass dish. Video recordings of surface skimming were made from a camera located vertically above the dish. Three surface-skimming trials were recorded for each wing treatment (before and after wing clipping) for each individual, and from these we selected the straightest, steady-speed regions for measurements of velocity. Three individuals were damaged during wing clipping and were not tested further. The analysis of variance (ANOVA) presented in Table 1 treats data from individuals before and after wing clipping as independent observations, which is appropriate given the lack of correlation of error terms for individuals before and after wing clipping (r = -0.35; P = 0.12; error terms are residuals from the model shown in Table 1 (6) , and the partial deduced amino acid sequence (2) was fitted to the electron density map. The remaining 306 residues of the flavoprotein subunit, determined by classical sequencing methods (7) , were then placed in the density and the structure was refined. The refined model (8) (Fig. 1) consists of a cytochrome subunit containing two domains and a flavoprotein subunit containing three domains. The two subunits are tightly associated. The two domains of the cytochrome subunit are approximately equal in size and are similar in structure despite low sequence identity (Fig. 2) .
